The CLC family of anion transporting proteins is comprised of secondary active H + -coupled 2 exchangers and of Clchannels. Both functional subtypes play key roles in human physiology, and 3 mutations causing their dysfunction lead to numerous genetic disorders. Current models suggest 4 that the CLC exchangers do not utilize a classical 'ping-pong' mechanism of antiport, where the 5 transporter sequentially interacts with one substrate at a time. Rather, in the CLC exchangers both 6 substrates bind and translocate simultaneously while moving through partially congruent 7 pathways. How ions of opposite electrical charge bypass each other while moving in opposite 8 directions through a shared permeation pathway remains unknown. Here, we use MD simulations 9 in combination with biochemical and electrophysiological measurements to identify a pair of 10 highly conserved phenylalanine residues that form an aromatic pathway, separate from the Cl -11 pore, whose dynamic rearrangements enable H + movement. Mutations of these aromatic residues 12 impair H + transport and voltage-dependent gating in the CLC exchangers. Remarkably, the role of 13 the aromatic pathway is evolutionarily conserved in CLC channels. Using atomic-scale 14 mutagenesis we show that the electrostatic properties and conformational flexibility of these 15 aromatic residues are essential determinants of channel gating. Our results suggest that Cland H + 16 move through physically distinct and evolutionarily conserved routes through the CLC channels 17 and transporters. We propose a unifying mechanism that describes the gating mechanism of CLC 18 exchangers and channels.
Introduction
The CLC (ChLoride Channel) family is comprised of Clchannels and H + -coupled exchangers 2 whose primary physiological task is to mediate anion transport across biological membranes 3 (Alessio Accardi, 2015; Thomas J. Jentsch & Pusch, 2018) . The human genome encodes for nine permeation pathway (Kuang, Mahankali, & Beck, 2007) . In contrast, the CLC exchangers function 23 with comparable efficiency in the forward and reverse directions (De Stefano, Pusch, & Zifarelli, 24 2013; L. Leisle, Ludwig, Wagner, Jentsch, & Stauber, 2011; Matulef & Maduke, 2005) , suggesting 25 that the entry and exit of the protonated Gluex from the Clpathway are equally favorable. Further, 26 the mechanisms regulating the release of ions from Sext and Scen and their coupling to the movement 27 of Gluex and of H + through the protein are unknown. While biochemical evidence suggests that ion 28 release is rate-limited by a conformational step (Picollo et al., 2009) , no release mechanism has 29 been identified. Therefore, two key mechanistic features at the heart of the H + :Clexchange 30 mechanism of the CLCs, the pathways and coupling mechanism of the substrates, remain 31 unknown. 1 Here we combined molecular dynamics simulations with biochemical and 2 electrophysiological measurements, and atomic mutagenesis to investigate the mechanism of 3 H + /Clexchange. We find that, contrary to previously proposed models, a protonated Gluex does 4 not move through the Clpore. Rather, we identify two highly conserved phenylalanine residues 5 that form an aromatic slide which allows the protonated (neutral) Gluex to move to and from Scen 6 without directly competing with Clions for passage through the anion-selective pathway. Further, 7 we show that the rotational movement of the central phenylalanine residue, that enables the 8 formation of the aromatic slide, regulates ion movement within the pathway, providing the 9 molecular mechanism for the coupled exchange of H + and Clby the CLC exchangers. Mutating 10 these residues in prokaryotic and mammalian CLC exchangers severely impairs transport 11 indicating that the role of these aromatic side chains is evolutionarily conserved. Since these 12 phenylalanine residues are highly conserved throughout the CLC family, we hypothesized the role 13 of the aromatic slide might be evolutionary conserved also between CLC channels and exchangers.
14 Indeed, we found that they are critical determinants of gating of the prototypical CLC-0 channel.
15
Using atomic-scale mutagenesis, we probed how the aromatic slide residues interact with Gluex in 16 CLC-0, and found that the central phenylalanine interacts electrostatically with the gating 17 glutamate, and that its conformational rotation is necessary for channel opening. We propose a 18 novel mechanism for CLC mediated H + :Clexchange, where the Cland H + pathways are distinct 19 and intersect only near the central ion binding site. 
Results

22
Molecular dynamic simulations suggest F357 controls entry and release of Clfrom Scen 23 We used molecular dynamics simulations to probe the energetic landscape of ion movement 24 through the permeation pathway of CLC-ec1 to ask whether it is regulated by conformational 25 rearrangements of the pore. The first state we considered is one with Gluex protonated and out of 26 the pathway, an E148Q-like state (Dutzler et al., 2003) (Fig. 1A) , so that all binding sites are 27 accessible to ions. The first Clion to reach the pore preferably binds to Scen or Sext, this remains 28 true when another ion is bound to Sext* ( Fig. 2A , dashed line (i), 2B). When a Cloccupies Sint, the 29 second ion can occupy Scen or Sext, though binding to Scen is less favorable by 2 kCal mol -1 (Fig. 30 2A, dashed line (ii), 2B). Unexpectedly, our calculations suggest that simultaneous binding of Cl -31 to Scen and Sext does not correspond to a local free energy minimum, i.e. to a (meta-)stable state. 1 The doubly occupied state, identified by an asterisk on Fig. 2A , is unfavorable by 4 to 6 kCal mol -2 1 in comparison to the binding of a single ion to Sext or to the doubly occupied configuration with 3 ions in Sint and Sext. 4 Since current models postulate a state with simultaneous occupancy of Scen and Sext, we set 5 out to investigate what gives rise to this energetic barrier. Analyzing the conformational sampling 6 underlying the PMF calculations, we noted that simultaneous occupancy of Scen and Sext correlated 7 with fluctuations of the rotameric state of F357 ( Fig. 2 -Supplement 1A, B ). This residue forms 8 part of the Clpermeation pathway of the CLC channels and transporters by coordinating ions in 9 Scen and Sext with its backbone amide (E. Park et al., 2017) . In our simulations, we find that the 10 F357 side chain exists in equilibrium between two rotameric states with 1 angles of -160º ('up'), 11 as seen in the crystal structures of WT and mutant CLC-ec1 (Dutzler et al., 2002; Dutzler et al., 12 2003), and of -70º ('down') ( Fig. 2E ). To test whether this conformational rearrangement affects 13 Clpermeation, we restrained 1 (F357) to the 'up' or 'down' rotamers and determined the 14 energetic landscape of ion binding in these conformations (Fig. 2C, D) . We find that when F357 15 is in the 'down' state, a free energy barrier of ~12 kCal mol -1 opposes ion movement within the 16 pore, and the Scen/Sext double occupancy state remains unstable (Fig. 2C) . In contrast, when F357 17 is constrained to the 'up' conformer, two Clions can simultaneously bind to Scen and Sext, and the 18 different stable states along the permeation pathways are separated by free energy barriers of ~2-19 4 kCal mol -1 (Fig. 2D ). Reciprocally, the ion occupancy state directly impacts the conformation of 20 F357: the 'down' state is favored when no ions occupy the pathway or when only Sext is occupied Basilio et al., 2014) . We found that constraining the relative movements of A399 and A432 28 inhibits the transition of F357 between its rotamers by increasing the transition free energy barrier 29 by about 6 kCal mol -1 (Fig. 2 -Supplement 2 ), suggesting that this transition is part of the transport 30 cycle. Taken together, these results suggest that the rearrangement of F357 is a critical determinant 31 of the energy barrier height for ion movement within the CLC pore: the 'up' conformer of F357 is 1 compatible with ion transport while its 'down' conformer disfavor ion transitions.
3
Rotation of F357 enables the formation of an aromatic slide 4 We next asked how Cland Gluex interact along the transport cycle. As in the previous section, we 5 first considered states in which Gluex is protonated (Glu 0 ex) and outside the Clpathway in an 6 E148Q-like conformation (Fig. 3A) . Analysis of the conformational sampling of the PMFs 7 presented in Fig. 2 reveals that, in this configuration, Glu 0 ex is stabilized by the carboxylate group 8 of D54 via a water molecule (Fig. 3A) or by a hydrogen bond with the backbone of A189 ( Fig.   9 3B). The simulations also reveal that the carboxylate group of Glu 0 ex rarely visits Sext and rather 10 interacts with the aromatic ring of F190, even if Sext is free of Cl - (Fig. 3C ).
11
We then considered states in which Gluex occupies Scen. We calculated the PMF describing 12 the binding of Clto Sext for both the charged and protonated forms of Gluex ( Fig. 3 observed. A first one in which a proton wire composed of two water molecules forms 20 spontaneously between Glu 0 ex (E148) and Gluin (E203) ( Fig. 3D ), potentially allowing the 21 deprotonation of Glu 0 ex. In this conformation, the carboxylate group of Glu 0 ex also forms a 22 hydrogen bond with Y445. A second conformation reveals the possibility for Glu 0 ex to form a π-23 dipole interaction with the aromatic ring of F357 (Fig. 3E ). The displacement of Glu 0 ex toward 24 F357 allows the bound Clto reach Scen (Fig. 3F ). The upward movement of F357 brings the 25 carboxylate group of Glu 0 ex in the vicinity of F190. These calculations suggest that the 26 conformational rearrangement of F357 enables the formation of an aromatic slide through which 27 a protonated Glu 0 ex can move to and from Scen without having to compete with the bound ions in 28 the ion pathway. The aromatic slide residues are essential for Cl -:H + coupling and exchange in CLC-ec1 31 Our molecular dynamics simulations suggest that F190 and F357 play a critical role in determining 1 Cl -/H + coupling and control a rate-limiting barrier for ion transport in CLC-ec1. To test these 2 hypotheses, we mutated them to alanine and determined the unitary transport rate and 3 stoichiometry of the Cl -/H + exchange cycle. Both mutations slow the turnover rate and degrade the 4 exchange stoichiometry (Fig. 4) . The F190A mutant slows transport ~2-fold ( Fig Remarkably, F190 and F357 are among the highest conserved residues throughout the CLC family, 18 respectively at ~94% and ~76% ( Fig. 4 -Suppl. 2), suggesting that their functional role might be 19 evolutionarily conserved. In the remainder of this work we will refer to these residues across 20 different CLC homologues as Pheex (F190 in CLC-ec1) and Phecen (F357 in CLC-ec1).
22
The role of Pheex and Phecen is conserved in mammalian transporters 23 We asked whether the role of Pheex and Phecen is conserved in the mammalian CLC exchangers.
24
The mammalian CLC-5 and CLC-7 exchangers are activated by depolarizing voltages (Fig. 5A , currents of F301A and F514A at +90 mV are reduced by ~25% and ~50%, respectively, compared 1 to WT ( Fig. 5D ), in line with the reduced transport rates observed for CLC-ec1 ( Fig. 4D ). The 2 F301A mutant is nearly voltage independent between -80 and +90 mV ( Fig. 5B , E) and so are its and out the anion pathway. We hypothesize that these residues interact with the permeating ions 13 and Gluex via direct and electrostatic interactions. Supplementary Table 1 ). These 30 results suggest that Pheex and Phecen are shared determinants of the voltage dependence of the 31 common-and single-pore gating processes of CLC-0. This is consistent with our MD simulations 1 on the CLC-ec1 exchanger, where the carboxyl group of Glu 0 ex interacts with the aromatic-slide 2 residues electrostatically ( Fig. 3 ). However, interpretation of the effects of alanine substitutions, 3 or by any substitution with canonical amino acids, is difficult as these replacements simultaneously 4 affect multiple side-chain properties such as volume, hydrophobicity and electrostatics. To shows an ~25 mV right-shift of activation and the F214-2,6F2-Phe substitution ~20 mV ( Fig. 7B ).
25
Similarly, substitutions at Phecen also affect common-pore gating ( Fig. 7E ) while those at Pheex 26 cause only minor alterations ( Fig. 7D) . Notably, the effect of F418Cha is comparable to that of 27 F418A, suggesting that the electrostatics dominate the interactions of Phecen with Gluex during 28 common-pore gating (Fig. 6H, 7E ). Finally, we replaced Phecen with 2,6diMeth-Phe ( Fig. 7A ),
29
which restricts its interconversion between the 'up' and 'down' rotamers ( Fig. 2E ). The kinetics 30 of the common-pore gating process of the F418-2,6diMeth-Phe are accelerated so that they become 31 comparable to those of the single-pore gate ( Fig. 7 -Suppl. 2A, B). We used the double mutant 1 C212S F418-2,6diMeth-Phe to separate the effects of the non-canonical substitution on the single-2 and common-pore gating processes D) . Using this approach, we found that 3 replacement of Phecen with the rotameric-restricted isostere causes an almost +40 mV shift in the 4 single-pore gate V0.5 and an almost -25 mV shift in the V0.5 of the common-pore gating process 5 ( Fig. 7C, E) . Thus, the conformational rearrangement of Phecen between the 'up' and 'down' 6 conformers we identified in the CLC transporters are essential for CLC-0 channel gating, and is 7 necessary to allow the movement of Gluex in and out of the Clpermeation pathway. Therefore, 8 our results show that the aromatic slide forms an evolutionarily conserved structural motif that is 9 necessary to enable Gluex movement in and out of the Clpore during the exchange cycle and in 10 channel opening. and functional data suggests that Phecen can adopt two distinct rotamers around its χ1 angle ( Fig.   15 2), and that this rearrangement determines the energy barrier for Clmovement within the pore dependence of channel gating (Fig. 6 ). We used atomic scale mutagenesis to test the prediction of 23 our MD simulations that formation of the aromatic slide entails a rotation of the side chain of 24 Phecen around its Cα-Cβ bond. When we replace Phecen with 2,6diMet-Phe, a Phe derivative that 25 specifically constrains this rotational rearrangement, we find that opening of the single-and 26 common-pore gates in the CLC-0 channel are severely impaired (Fig. 7, Fig. 7 the 'up' conformation ( Fig. 3) . Indeed, removal of the aromatic ring of Pheex severely affects 5 voltage dependent gating of CLC channels and transporters (Fig. 5, 6 ), while selective 6 manipulations of its electrostatic properties have only minor effects on channel gating (Fig. 7B , 7 D). In contrast, the electrostatic properties of the aromatic ring of Phecen are essential determinants 8 for Gluex movement in the CLC-0 channel: elimination of the π-electrons of Phecen favors the 9 closed state of the single-pore gate (Fig. 7C) , while their re-localization to the proximal edge 10 promotes opening (Fig. 7C ). These findings are consistent with the location of Phecen within the 11 core of the protein, and with our MD simulations suggesting that Gluex forms a π-dipole interaction 12 with the aromatic ring of Phecen (Fig. 3) . Indeed, the interaction between the buried aromatic Phecen A mechanism for Cl -/H + exchange 22 Our finding that two Phe residues form an evolutionarily conserved secondary pathway that 23 enables movement of the protonated Gluex in and out of the ion transport pathway allows us to 24 propose a 7-state mechanism for the CLC transporters that explains the stoichiometry of 2 show ions bound to this site. As a starting configuration, we consider a state where Gluex and Gluin 28 are de-protonated, Gluex occupies Scen, Phecen is in the 'up' position and no Clions are bound to 29 the pathway (Fig. 8, I) . After a Clion binds to Sint (Fig. 8, II) , the opening of the intracellular gate, to Sext (Fig. 8, III) . The binding of a second ion favors the protonation of Gluex, allowing the Cl -1 ions to simultaneously occupy Scen and Sext, accompanied by the displacement of Glu 0 ex out of the 2 pathway and the closure of the internal gate (Fig. 8, IV) . The protoned Gluex diffuses toward the 3 aromatic slide and interact with Pheex (Fig. 8, V) . Movement of Glu 0 ex along the aromatic slide Sext is occupied, favors the formation of a water wire (Fig. 8, VI) , which enables proton transfer 8 from Glu 0 ex to Gluin (Fig. 8, VII) . Deprotonation of Gluex allows it to move into Scen, favoring the 9 release of the second Clfrom Sext to the outside, and of the proton from Glu 0 in to the intracellular 10 solution, returning to the starting configuration ( Fig. 8, I) . In sum, we propose that the Cland H + 11 ions bypass each other while moving in opposite directions through a CLC transporter by taking 12 physically distinct routes: the Clions move through the anion selective pore while the H + moves 13 along a pathway comprised of a water-wire and the aromatic slide (Fig. 8B) . The distinct routes 14 for Cland H + allow for a complete reversibility of the cycle.
15
Remarkably, our findings show that the role of the aromatic slide residues Phecen and Pheex 16 is evolutionarily conserved between CLC exchangers and channels. We propose that the aromatic 17 slide in CLC-0 could provide a conserved pathway that enables the residual H + transport associated 18 with the common-pore gating process of the CLC-0 channel to occur (Lísal & Maduke, 2008) .
19
Thus, our proposed exchange mechanism for the CLC transporters also captures the key 20 rearrangements that underlie gating of the CLC channels. In this framework, rapid ion conduction Standard voltage-clamp protocols have been applied for the three CLC proteins, the holding 8 potential was constant at -30 mV. For CLC-0 two different recording protocols have been used to 9 distinguish single-pore from common-pore gating. During the single-pore gating protocol the 10 voltage was stepped to +80 mV for 50 ms and then a variable voltage from -160 mV to +80 mV 11 increasing in 20 mV steps was applied for 200 ms, followed by a 50 ms pulse at -120 mV for tail 12 current analysis. For CLC-0 common-pore gating, 7 s voltage steps from +20 mV to -140 mV have 13 been applied in -20 mV increments followed by a 2.5 s +60 mV post pulse for tail current analysis.
14 For CLC-5, a simple voltage step protocol was applied: 400 ms steps from -80 to + 80 mV in 20 15 mV increments. For CLC-7/Ostm1, voltage was clamped at variable values from -80 to +90 mV 16 in 10 mV steps for 2 s, followed by a 0.5 s post pulse at -80 mV for tail current analysis.
17
To estimate the voltage dependence of CLC-7/Ostm1 and CLC-0 gating, tail current analysis was 18 performed and data were fit to a Boltzman function of the form:
where Po is the open probability as a function of voltage and is assumed to reach a value of unity 21 at full activation. Pmin is the residual open probability independent of voltage. V0.5 is the voltage at 22 which 50% activation occurs, and k is the slope factor (k=R*T/(z*F) with R as universal gas 23 constant, T as temperature in K, F as Faraday constant, and z as the gating charge).
24
For analysis of the activation kinetics of CLC-7/Ostm1 and its variants, activating voltage pulses 25 (from +20 to +90 mV) were fit to a bi-exponential function of the following form: where I is the current as a function of time; A1, A2 and A0 are fractional amplitudes obtained by 1 normalizing to the total current. While A1 and A2 are time-dependent components, A0 is time-2 independent. τ1 and τ2 are the corresponding time constants. Figure 2A , in which Glu 0 ex is initially placed on the extracellular side of the 4 pore. Glu 0 ex is part of a hydrogen bond network involving D54 (A) or A189 (B). Glu 0 ex can also interact 5 with the side chain of F190 (C). (D-F) Conformations of the pore extracted from a 1D PMF describing the 6 binding of a Clto the pore when Glu 0 ex is initially bound to Scen (see Figure 3 -Supplement 1). A proton 7 wire is spontaneously formed between Gluex (E148) and Gluin (E203), which are bridged by two water 8 molecules (D). Glu 0 ex can form a dipole-interaction with F357 aromatic side chain, leaving Scen empty 9 (E). Clmoves from Sext to Scen, while the side chain of Glu 0 ex is stabilized outside the ion pathway by its 10 interaction with F357, and in proximity of F190 (F). electrostatic potential of benzene and its derivatives with red and blue corresponding to -20 and +20 6 kCal/mol, respectively (Mecozzi et al., 1996) . The surface electrostatic potential of 2,6diMeth-Phe is 7 assumed similar to Phe because methyl group substitutions do not withdraw electrons from the benzene 8 ring. (B, C) Normalized G-V relationships of the single (B, C) and common (D, E) pore gating processes 9
for CLC-0 with the following replacements at Pheex (B, D) and Phecen (C, E): Phe (black circles), Cha (green 10 squares), 2,6F2-Phe (pink triangles) and 2,6diMeth-Phe (cyan diamonds). WT G-V curves (from Fig. 6 ) are 11 shown as gray dashed lines for reference. Solid lines represent fits to a Boltzmann function with an offset 12 (see Methods, Equation 1 ). Note that the G-V data for the F418X+2,6diMeth-Phe was obtained on the 13 background of C212S mutant (2,6diMeth-Phe*) to isolate its effects on the single-pore gating process. The 14 effects of F418X+2,6diMeth-Phe substitution on the WT background are shown in Fig. 7 Supplementary Table 1 . 
